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Abstract 

Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2) has claimed around 180,000 

lives and continues to spread. There are currently no approved medications or vaccines for this 

new coronavirus. Studies have shown that the positive RNA genome of SARS-CoV-2 contains 

unique features, including a 12-base sequence inserted between the two subunits of viral 

receptor protein Spike. This inserted sequence facilitates the cleavage of Spike by the cellular 

proteases Furin and TMPRSS2, leading to the fusion of virus and host cell membranes. Current 

studies are mostly focused on the SARS-CoV-2 Spike protein and its interacting cellular proteins 

ACE2, Furin, and TMPRSS2. RNA structural studies are limited and little is known about the 

potential impact of the 12-base sequence insert on the secondary structure of SARS-CoV-2 

genomic RNA and/or its transcripts. Here, by using local and global RNA secondary structure 

predictions, we show that the novel 12-base insert of SARS-CoV-2 genome likely induces a 

major RNA secondary structure change.  
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Introduction 

The reported number of people infected with SARS-CoV-2 is approaching 2.6 million, over 

177,000 of whom have lost their lives. However, recent seroprevalence data show that the infection 

rate is likely 50-85 folds higher 1. Investigators from a broad spectrum of scientific disciplines are joining 

forces and sharing data and resources to better understand the complex biology of this new coronavirus 

and expedite the development of therapeutic and/or prevention strategies. Nevertheless. The SARS-

CoV-2 genome has at least two unique features, with likely roles in the high rate of transmission of this 

virus and its leap into humans 2. Both of these two features reside within the viral Spike (S) gene, one 

encoding the receptor binding domain (RBD) with an enhanced affinity to the human cell surface 

receptor ACE2, and the other encoding an inserted polybasic cleavage site. The Spike proteins, which 

decorate the outer layer of SARS-CoV-2 virions have two subunits, the N-terminal S1 and the C-terminal 

S2. Viral entry is initiated by the interaction between the Spike RBD within the S1 subunit and ACE2 3-5. 

This interaction is followed by fusion of viral and cell membranes mediated by the fusion peptide 

located in the C-terminal S2 subunit, a step critical for infection of all coronaviruses 6,7. The RBD of SARS-

CoV-2 Spike is unique in that it resembles the binding domain of the SARS-like coronaviruses found in 

pangolin (98% amino acid identity). By contrast, most other regions of the SARS-CoV-2 genome are 

closely similar to a bat coronavirus known as Bat-RaTG13 8. The RBD of Bat-RaTG13 is only 81% identical 

to that of SARS-CoV-2. Therefore, pangolin is currently considered the intermediate species for the 

transmission of the new coronavirus from bats to humans 9. 

The second unique feature of SARS-CoV-2 genome is an inserted 12-base sequence 

(CCUCGGCGGGCA) between the S1 and S2-coding sequences 9,10. This insertion, which codes for four 

amino acids PRRA, has not been observed in any other similar coronaviruses. The last three amino acids 

(RRA) are part of a sequence known as the polybasic cleavage site (RRAR) 2, which is a substrate for 

protease cleavage of Spike into the S1 and S2 subunits 11-13. The cellular protease Furin has been shown 

to be responsible for this cleavage, which is necessary for cell-cell fusion and virus-cell fusion mediated 

by Spike 14. However, the precise cellular location and mechanism of S1/S2 cleavage are not fully 

understood. A separate study of SARS-CoV-2 cultures in Vero-E6 cells has identified variants with S1/S2 

junction deletions spanning the 12-base motif CCUCGGCGGGCA 15. Importantly, the deleted variants 

showed attenuated pathogenicity. Given that this 12-base sequence motif is intact in clinical isolates, it 

has been suggested that this region may be under selective pressure in infected patients 15. Altogether, 

there is a growing body of evidence supporting a significant role for these inserted 12 bases in SARS-

CoV-2 biology. 
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Studies so far, have focused, mostly, on understanding the role of these two SARS-CoV-2 

features at a protein level. Recent RNA studies have reported several conserved and stable secondary 

structures 16,17, however, little is known about the potential RNA secondary structure changes resulted 

from these novel sequence variations within the SARS-CoV-2 genome. Particularly, it is not clear if the 

RNA secondary structure is affected by the insertion of motif CCUCGGCGGGCA. We note that this motif 

is highly GC rich and includes two CpG sites at positions 4 and 7. GC-rich regions have been reported to 

stabilize RNA secondary structures 18-20. We, therefore hypothesize that the insertion of this 12-base 

motif leads to the formation of novel secondary structures in SARS-CoV-2 RNA. To test this hypothesis, 

we performed local and global RNA secondary structure predictions using a Minimum Free Energy 

(MFE)-based approach. Our analyses predict that the novel 12-base motif CCUCGGCGGGCA likely 

induces a major secondary structure change in SARS-CoV-2 RNA. 

Methods 

The SARS-CoV-2 reference genome (NC_045512, 29,903 bp, Severe acute respiratory syndrome 

coronavirus 2 isolate Wuhan-Hu-1) was used to make seven mutants (Table 1).  These mutant 

sequences include different variants with alterations in the 12-base motif CCUCGGCGGGCA [nucleotide 

positions 23603 – 23614]. Mutant DM lacks the 12-base motif, and other mutants include variations to 

alter the CpG sites (M1 and M2) or all 12-bases (MA, MC, MG, and MU). We used Vienna RNA software 

package 21 for MFE-based RNA secondary structure prediction 22. Full-length genomes were used to find 

the globally optimal RNA secondary structures. Structure visualization was done using the VARNA 

software package 23. 

Table 1. The nucleotide sequences of the 12-base motif in wild-type SARS-CoV-2 and seven mutants. 

Acronym Length Novel 12-base sequence motif  

WT 29903 CCUCGGCGGGCA 

DM 29891 D 

M1 29903 CCUCACGUAGCA 

M2 29903 CCUCUGCAUGCA 

MA 29903 AAAAAAAAAAAA 

MC 29903 CCCCCCCCCCCC 

MG 29903 GGGGGGGGGGGG 

MU 29903 UUUUUUUUUUUU 
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Results 

The estimated global RNA conformations of wild-type and mutant SARS-CoV-2 sequences are 

shown in Figure 1. The red line shows the approximate location of the 12-base motif CCUCGGCGGGCA 

located inside the S gene 2. Two global RNA secondary structures (I and II) were predicted for these 

sequences. The wild-type RNA, M1, and M2 are predicted to have structure I, and mutants DM, MA, MC, 

MG, and MU are predicted to have structure II (Figure 1). Figures 2A-D depicts the globally predicted 

secondary structures of WT and DM RNA around the 12-base motif, which is shown in red. The 12-base 

motif forms part of a stable stem structure (See S0 in Figure 2C). As indicated, in the two globally stable 

structures of Figures 2C and 2D, most of the base-pairings are intact between WT and DM. For example, 

stem-loops T1-T6 are present in both structures. However, the presence of the 12-base motif 

CCUCGGCGGGCA has led to the stabilization of additional structures, which are otherwise predicted not 

to exist (See bases colored in green in Figure 2C). Figures 2E and 2F show the results of local RNA 

secondary structure predictions for WT and DM in an extended region around the 12-base motif. As 

indicated, the structure estimated for S0 (shown in red in Figure 2E) is identical in both locally optimum 

and globally optimum predictions (Figure 2C and Figure 2E). Similar to the global prediction, S0 does not 

appear in the locally optimal structure when the 12-base motif is removed (Figure 2F). Interestingly, 

certain predicted substructures in the vicinity of S0, such as T1, have been reported to be amongst 

conserved regions across SARS-CoV-2, SARS, and bat coronavirus sequences 17. Altogether, our global 

and local model predicts that the removal of the 12-base motif CCUCGGCGGGCA from RNA or its 

replacement by a homopolymer sequence is associated with major secondary RNA structure changes. 

These changes include both short-range and long-range interactions as indicated in Figures 1 and 2. 

Examples of long-range interactions at the 5’ and 3’ of structure I are provided in Figure 1. By contrast, 

specific disruption of only CpG sites within the 12-base motif, as in mutants M1 and M2, is not predicted 

to have a significant effect on the RNA secondary structure. 
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Figure 1. Predicted global secondary structure of wild-type and mutant SARS-CoV-2 RNA. The red line 
shows the proximal location of the 12-base motif CCUCGGCGGGCA [23603 – 23614]. 
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Figure 2. Secondary structural difference between WT and DM SARS-CoV-2 RNA. (A) & (C). Predicted WT 
structure using global analysis (B) & (D) Predicted DM structure using global analysis; Panels C and D 
depict zoomed regions around the 12-base motif CCUCGGCGGGCA.  (E) Predicted WT structure using 
local analysis of ~500 bases encompassing the 12-base motif CCUCGGCGGGCA; (E) Predicted WT 
structure using the local analysis of ~700 bases encompassing the 12-base motif CCUCGGCGGGCA; (F) 
Predicted DM structure using the local analysis of ~700 bases encompassing the original location of the 
deleted 12-base motif CCUCGGCGGGCA. Red color indicates the 12-base motif CCUCGGCGGGCA. Stem 
S0 partially includes the 12-base motif and shows the pairing between regions [23603 – 23611] and 
[24097 – 24103]. Blue color indicates the nucleotides flanking the 12-base motif. Solid and broken red 
ribbons show the position of 12-base motif in WT and deleted 12-base motif in DM, respectively. Green 
ribbon indicates the stem loops that appear in the global prediction of WT but not in DM. 
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Discussion 

Most current studies are centered around SARS-CoV-2 proteins (e.g. Spike) and their host 

protein partners (e.g. ACE2). Much less attention has been given to the RNA genome of this novel virus 

and its potential role in viral transmission and pathogenicity. Here we show that the inserted 12-base 

motif may have an additional, and perhaps more important role, which is related to the SARS-CoV-2 RNA 

secondary structure. Using global and local RNA structure modelling, we observed that the 12-base 

motif forms a stable RNA secondary structure, and deletion of this motif is associated with a dramatic 

change in the RNA secondary structure (Figures 1 and 2). On the other hand, point mutations within this 

motif is predicted not to have a significant effect (Figure 1). Given the large size of SARS-CoV-2 RNA 

(~30,000 bases), we acknowledge that our global analysis may not correctly predict all secondary 

structures, and further computational and experimental analyses are needed to validate the predicted 

interactions. Nonetheless, it is rather remarkable that only two structural conformations with distinct 

features are predicted for the WT and seven mutant RNA sequences studies here. Secondary RNA 

structures are known to play a critical role in viral life cycle by affecting the expression and splicing of 

transcripts 24-26, RNA-protein interactions 27, RNA editing 28, and other molecular processes 29. A recent 

study has shown that SARS-CoV-2 transcriptome is highly complex and includes numerous novel 

transcripts and modifications 30. It is possible that the inserted 12-base motif also induces secondary 

structure changes in SARS-CoV-2 transcripts, which in turn enhances their translation and interaction 

with the host components necessary for viral replication and immune evasion. Our data serves to 

highlight the need for future studies to focus on the RNA at both genomic and transcriptomic levels to 

better understand the molecular sources of viral pandemics such as COVID-19.      
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